The intervertebral disc (IVD) is a highly hydrated tissue, the rich proteoglycan matrix imbibes water, enabling the disc to withstand compressive loads. During aging and degeneration increased matrix degradation leads to dehydration and loss of function. Aquaporins (AQP) are a family of transmembrane channel proteins that selectively allow the passage of water in and out of cells and are responsible for maintaining water homeostasis in many tissues. Here, the expression of all 13 AQPs at gene and protein level was investigated in human and canine nondegenerate and degenerate IVDs to develop an understanding of the role of AQPs during degeneration. Furthermore, in order to explore the transition of notochordal cells (NCs) towards nucleus pulposus (NP) cells, AQP expression was investigated in canine IVDs enriched in NCs to understand the role of AQPs in IVD maturation. AQP0, 1, 2, 3, 4, 5, 6, 7, and 9 were expressed at gene and protein level in both nondegenerate and degenerate human NP tissue. AQP2 and 7 immunopositivity increased with degeneration in human NP tissue, whereas AQP4 expression decreased with degeneration in a similar way to AQP1 and 5 shown previously. All AQP proteins that were identified in human NP tissue were also expressed in canine NP tissue. AQP2, 5, 6, and 9 were found to localize to vacuole-like membranes and cell membranes in NC cells. In conclusion, AQPs were abundantly expressed in human and canine IVDs. The expression of many AQP isotypes potentially alludes to multifaceted functions related to adaption of NP cells to the conditions they encounter within their microenvironment in health and degeneration. The presence of AQPs within the IVD may suggest an adaptive role for these water channels during the development and maintenance of the healthy, mature IVD.
| INTRODUCTION
The intervertebral disc (IVD), composed of the central gelatinous nucleus pulposus (NP), surrounded by the annulus fibrosus (AF) and cartilaginous end plates, is a highly specialized tissue facilitating the biomechanical function of the spine. 1 Resident cells within the NP produce vast amounts of extracellular matrix (ECM) that contain high concentrations of proteoglycans whose hydrophilic glycosaminoglycan side-chains promote water and cation retention. 2 This allows the disc to resist compressive loading and permits motion of the spine due to a high level of hydration. [1] [2] [3] [4] [5] [6] Therefore, in comparison to other tissues, the healthy IVD maintains a hyperosmolar environment. 2, [7] [8] [9] However, the hydration and osmolality of the disc is not constant. 10 With applied loading, between 18% and 25% of fluid is recycled during a diurnal cycle. 7, 11 The increased physiological osmolality within the disc has been shown to increase matrix synthesis by NP cells compared to lower osmolalities. 12, 13 This highlights that NP cells can respond to osmotic changes within the disc which may be via control of water transport.
14 During IVD development the NP contains populations of large, vacuolated notochordal (NC) cell clusters that are replaced by mature NP cells during aging. 15 Interestingly, dogs classified as nonchondrodystrophic (NCD) retain NC cells into adulthood and suffer infrequent IVD degeneration, whereas chondrodystrophic (CD) dogs lose NC cells and suffer early-onset IVD degeneration. 16, 17 To preserve their phenotype during culture, NC cells require a hyperosmolar environment 18 and they have been shown to provide a protective and regenerative effect on NP cells when cocultured together. 19, 20 This indicates that the behavior of disc cells during development and maturation is, in some part, controlled by fluctuations in extracellular osmolality, and that responses may vary between NC cells and mature NP cells.
IVD degeneration can also further disrupt the osmotic flux of the disc. Around 40% of chronic low back pain cases are attributed to IVD degeneration, 21 which is characterized by altered biomechanical properties of the spine caused by an imbalance between anabolic and catabolic mechanisms leading to the destruction of the ECM. [22] [23] [24] [25] [26] The production of proinflammatory cytokines by NP cells is known to play a role in the degenerative cascade of IVD degeneration. [27] [28] [29] [30] [31] [32] [33] [34] [35] Specifically, overexpression of cytokines leads to increased production of matrix degrading enzymes, [36] [37] [38] [39] [40] [41] and the resulting loss of hydrophilic proteoglycans causes a decrease in IVD osmolality compared to normal physiological conditions. This could further contribute to degeneration, as under low osmolality matrix metalloproteinase-3 (MMP-3) expression is increased and aggrecan expression is decreased in NP cells. 13, 42 This further highlights the importance of regulating osmotic responses in the disc.
Aquaporins (AQPs) are a family of transmembrane channel proteins that function as selective water pores driven by osmotic gradients. 43 Aquaporin 1 (AQP1) was the first member to be discovered in erythrocytes and renal tubules 44 and since then 13 members have been discovered (AQP0-12). These channels are localized to tissues with roles relating to water homeostasis, cell volume regulation and structural function, 45 and therefore may contribute towards the adaptation and responses of NC and NP cells when exposed to the fluctuating osmolality of the healthy and degenerate disc.
In human and murine discs, expression of AQP1, 2, 3, and 5 have been identified. 14, [46] [47] [48] [49] [50] Studies have also demonstrated that expression of AQPs in NP and NCs can be regulated by physiological conditions. Hyperosmolality upregulates AQP2 in murine NP cells, 14 and AQP3 in murine NC cells. 50 Whilst the expression of AQP1 and AQP5
is maintained at basal levels by hypoxia-inducible factor 1 alpha in NP cells. 49 Johnson et al 49 Table 2 ). The gross morphology of canine discs was categorized using a modified Thompson grading scheme (TG), specifically developed for canine IVDs, and each sample given a grade (1) (2) (3) (4) (5) to determine the state of disc degeneration. 16 
| Tissue processing
Human tissue was fixed in 10% (v/v) neutral buffered formalin (Leica Microsystems, Milton Keynes, UK) and embedded into paraffin wax.
Following embedding, 4 μm sections were cut and human IVDs histologically graded using previously published methods. 24 Briefly, sections were rehydrated in industrial methylated spirits (IMS) 
| Human NP cell isolation and culture
Human NP cells were isolated using collagenase type I (Sigma-Aldrich,
Gillingham, UK) as described previously. 49 to positive CD11b staining, and are morphologically distinct from resident NP cells. 52 Results were analyzed using the 2 −ΔCt method and presented as relative gene expression normalized to the average C T of GAPDH and 18S. Both housekeeping genes used in this study have been previously shown to be stably expressed, using geNorm algorithm, in human IVD samples across all grades of degeneration. 53 
| Isolation and culture of NCs from Canine discs
NCs were isolated from spines of six mongrel dogs, euthanized for other unrelated experiments as previously published, 18 24.4 ± 0.9 × 10 6 (mean ± SD) live NCs were recovered per dog. Cells were encapsulated at 3 × 10 6 /mL in alginate beads as described previously 18 and maintained for 28 days in α-MEM (Life Technologies) at 400 mOsm/L before being fixed in 10% neutral buffered formalin (Leica Microsystems) and embedded into paraffin wax. Four micrometer sections were cut and used in immunofluorescence experiments.
| Immunohistochemistry
After identifying which AQPs were expressed at gene level in directly Tables 1 & 2) . IHC was conducted to investigate the protein expression of AQP0, 2, 3, 4, 6, 7, and 9 in human and AQP0-7 and 9 in canine IVD tissues as described previously 54 , specific IHC details provided in Supplementary 
| Immunofluorescence
Sectioned canine NC cells in alginate were dewaxed and rehydrated as previously described. 18 Fixed human NP cells and canine alginate We determined that the expression of certain AQPs is altered during IVD degeneration of humans and canines (Supplementary Figure 4) .
Utilizing canine discs we were also able to investigate expression and localization during cellular maturation and demonstrated nine
AQPs were expressed in canine NC cells, which were particularly 
| AQP expression in IVD tissues
Our results agree with studies that have shown AQP1, 2, 3, and 5 expression in NP cells. 14,46-49 However whilst Richardson et al 46 identified that AQP1 and AQP3 were expressed within human IVD in agreement with our study, they failed to demonstrate expression of AQP2. However, in the current study both gene and protein expression of AQP2 was identified in human discs and protein in canine discs. In the earlier study 46 volume regulation, cell adhesion, and protein localization. 45, 65 All AQPs expressed within human discs were also identified in canine discs from NCD and CD dog breeds, which were used to study In the kidney, where AQP6 is expressed intracellularly, low pH activates the anion permeability of AQP6 67 and increases AQP6 expression. 68 An increase in AQP6 expression in response to low pH also potentially explains the increase in AQP6 observed in canine NP cells during degeneration, where extracellular pH decreases.
| AQP expression during degeneration of the IVD
Expression of AQP1 and 5 in the disc has been shown to be sensitive to degeneration within human IVD tissue previously, 49 pH. 7 This potentially explains the increase in AQP2 protein expression, as AQP2 expression is increased in the rat kidney when exposed to lowered pH. 74 Immunopositivity of AQP3, 6, and 9 in human IVD tissue was not altered during degeneration, yet the majority of NP cells in native IVD tissue expressed all three AQPs, potentially indicating roles which may not be sensitive to IVD degeneration.
Within canine discs some effects mirrored the effects seen in human discs; however some AQPs showed differential responses between species that remain to be explored. AQP5 immunopositivity decreased 49 and AQP7 immunopositivity increased in human and canine NP cells with IVD degeneration. It is also important to note that only the percentage of cells expressing AQP proteins during IVD maturation and degeneration was investigated in this study, other more quantitative methods must be used in future investigations to determine how the relative expression levels of AQPs may be affected during IVD biology, which may not be represented by percentage immunopositivity.
| CONCLUSION
As the disc is an osmotically challenged tissue which is further altered during degeneration, NP cells must employ several tightly regulated mechanisms to survive and function within their unique environment.
We postulate that the expression of numerous AQP family members in the disc highlights the importance of maintaining intricate control over regulation of water transport and cell volume in NP cells. The increased proportion of NP cells expressing AQP2 and AQP7 during 
